Microchannels with boundary walls at different temperatures and in between tilted elongated pillars are here shown to effectively behave as microfluidic pumps. The driving force for this fluid motion arises from the anisotropic thermophoretic effect of the elongated pillars that generates a force parallel to the walls, and perpendicular to the temperature gradient. The force is not determined by the thermophilic or thermophobic character of the obstacle surface, but by the geometry and the thermophoretic anisotropy of the obstacle. Via mesoscale hydrodynamic simulations, we investigate the pumping properties of the device as a function of the channel geometry, and pillar surface properties. Applications as fluidic mixers, and fluid alternators are also outlined, together with the potential use of all these devices to harvest waste heat energy.
I. INTRODUCTION
Guiding the movement of fluid at nano-and microscales has become one of the most challenging goals in the emergent field of microfluidics [1, 2] . This requires the capability to use minimal quantities of energy to carry fluid with high resolution and sensitivity. In microfluidic devices, fluids are typically transported, separated, or processed along microchannels of different compositions and geometries. The generation of net fluid flow is frequently achieved by applying external macroscopic forces at the proper inlets and outlets [3] [4] [5] . The efficiency of such driving mechanisms importantly decreases with miniaturization because of the huge increase in hydrodynamic resistance that comes with downsizing. Moreover, the fact that in-and outlets rely on external pieces of equipment, importantly hampers the portability of the devices. A competitive approach is to induce stresses localized at the boundaries, through non-mechanical means which are driven typically by local fields [6] [7] [8] [9] [10] [11] . This has shown to be especially efficient for miniaturizing fluidic pumps, due to the intrinsic large surface to volume ratio.
Phoretic osmotic properties of solid materials in a fluid solution constitute an attractive option to induce stresses close to confining walls. Phoresis refers to the directed drift motion of a suspended particle induced due to an inhomogeneous surrounding, which can be, for example, a temperature gradient (thermophoresis), a concentration gradient (diffusiophoresis) or an electric potential gradient (electrophoresis). Conversely, the gradient can generate the motion of a fluid at a fixed solid-fluid interface, which is usually referred to as phoretic osmosis, and in the case of a fluid-fluid interface, which is known as phoretic capillary [12] . Catalytic surfaces and related chemical gradients have shown a large potential in microfluidic applications, while thermal gradients are relatively less exploited. Thermal gradient-driven motion has though promising prospectives since it works equally well in charged and neutral solutions, and it is pollution-free due to the absence of surfactants or chemical fuels, which enables the way to bio-compatible applications [13] [14] [15] [16] . Furthermore, thermal gradient-driven motion allows optical microscale operations with optical heating which is the basic principle of the emerging field of optofluidics [17, 18] . So far, existing phoretic fluidics rely on intricate differentiated compositions [19] [20] [21] or ratchet geometries of channel walls [9, 10, [22] [23] [24] . To extend the tunability and functionality of these pumps is therefore timely and highly desirable.
Anisotropic thermophoresis has been recently described opening a new avenue for the design of novel and versatile microdevices [25, 26] . The anisotropic phoretic effect refers to the different phoretic response that elongated objects, such as colloids or pillars, have when aligned with, or perpendicular to the external gradient. Interestingly, for obstacles with tilted orientation this anisotropy might translate into a force which would not only be aligned with the gradient, as it is in the case of traditional phoresis, but additionally also perpendicular to the gradient. This mechanism has been already employed for the design of microturbines which can rotate unidirectionally [26] . Given the related nature of different phoretic effects, this effect has proven to exist not only for thermohoresis, but also for diffusiophoresis, this is in for example in the presence of multicomponent fluids with catalytic surfaces [27] .
In this work, we propose a new class of microfluidic pump based on the anisotropic phoretic effect. Instead of considering the asymmetries at the channel walls as in previous devices, we present a micropump exploiting the tunable properties of the immersed solid obstacles with thermophoretic anisotropy in the middle of the chan-nel, which could be engineered for example by means of lithography [28, 29] . Opposite walls will have fixed different temperatures, such that the pillars are exposed to a temperature gradient. The phoretic properties of the pillars surface will thus generate a fluid flow along the microchannel, perpendicular to the thermal gradient. The device will have a large versatility due first to factors intrinsic to the anisotropic pump such as pillars geometry, number of obstacles per unit length, or obstacles configuration, the subtle dependence of the phoretic behavior on a large number of factors such as average temperature or pressure, presence of salt, or surface coatings among many others. Also very remarkable will be the case in which the obstacles do not have a fixed orientation with respect to the walls, but can be externally in situ controlled, e.g. by laser tweezers on suspended colloids, such that the flow pattern will become highly adjustable and rich. In addition, the suspended objects may even be removed from and imported into the channel without affecting the channel itself. Furthermore, variations of the microchannel device are shown to work not only as microfluidic pumps with arbitrarily microchannel length, but also as fluidic mixers, or generators of alternating flow. Finally, and given the fact that they work under the effect of external gradients, they all have potential applications to harvest waste thermal or chemical energy.
II. MODEL AND MECHANISM

A. Simulation setup
Simulations have been performed by a mesoscale hydrodynamic approach which combines multiple particle collision dynamics (MPC) and molecular dynamics (MD) [30] [31] [32] [33] . MPC is a particle-based model in which a coarse grain solvent is represented by N point particles of mass m, characterized by continuous positions r i and velocities v i (i = 1, . . . , N ), which evolve in two alternating steps. In the streaming step, particle positions evolve ballistically for a certain time h, which we refer to as the collision time. In the collision step, particles are sorted into cubic cells, with cell size a, and each particle rotates its relative velocity to the cell center of mass velocity by an angle α around a randomly chosen direction. The collisional operation conserves mass, linear momentum and energy at the cell level. The cell-grid is randomly displaced to maintain Galilean invariance [34] and enhance the fluid like properties of the solvent [35] [36] [37] . Standard simulation units are chosen, m = k B T = a = 1, with k B T the averaged temperature, which means for example that time is given in units of ma 2 /(k B T ), which will be typically not specified. Usual MPC parameters are used, h = 0.1, α = 130 o , and ρ = 10 average number of particles per collision box, corresponding to a Schmidt number of Sc = 17, which is very satisfactory to reproduce the liquid-like dynamics [37, 38] . Solid channel walls with stick boundary conditions are realized by applying the bounce-back rule to the solvent particles when reaching the walls, and the temperature gradient is implemented by thermostatting thin solvent layers close to the walls with low T c and high T h temperatures [14, 39] . The employed default temperature at the no-slip walls are T h = 1.2 and T c = 0.8 in MPC units.
The thermophoretic micropump, sketched in Fig. 1 , consists of a microchannel of width of H with immersed solid elongated obstacles (pillars) tilted an angle θ, typically θ = 45 o . Opposite walls have fixed different temperatures, such that the pillars feel a temperature gradient ∇T , which will induce a osmotic flow. As indicated in Fig. 1(c) , pillars are modeled by one layer of spherical beads of the diameter d, fixed in this work to d = 2.5a, placed with anchored positions on the nodes of a triangular lattice. The separation between beads determines the pillar surface rugosity, which is characterized by the ration between the typical lattice length l, and the bead diameter d. In this way small values, such as l/d = 0.4 are refereed to as smooth surfaces, large values, such as l/d = 1 are referred to as rough. The pillar thickness is then the particle diameter d, and the length is denoted by W , which is typically not an integer given the varying values of the rugosity. Periodic boundary conditions (PBC) are considered in the two directions perpendicular to the walls. The pillar long axis is placed parallel to the walls, along the whole box length in the y-direction, which together with PBC provide effective extended pillars. The pillars are equidistantly placed in the x direction, with their separation D. Unless otherwise stated, we perform simulations with l/d = 0.4, W = 2.93d, D = H = 12d, and with one obstacle in a cuboid box (L x , L y , H) = (30, 20, 30) .
The beads positions are invariable with time, and the interaction of the solvent particles with the pillar beads are modelled by Mie potential [40] (namely, Lennard-Jones type)
Here r is the distance between the bead center and the fluid particle, is the potential intensity, chosen as = k B T , and n is a positive integer describing the potential stiffness. The repulsive or attractive LJ potentials are obtained by considering c = or c = 0 respectively, together with the suitable cutoff distance r c [41] . The attractive or repulsive potentials with stiffness for example n = 6, will be denoted as a6 or r6 respectively.
B. Mechanism: anisotropic thermophoresis
The interaction of a colloidal particle with a solvent with a non-homogeneous temperature results in a driving thermophoretic force F T [42, 43] which causes the particle migration of non-fixed particles (thermophoresis), or the motion of the surrounding fluid for immobilized objects (thermoosmosis). This force is known to be directly proportional to the temperature gradient,
with k B the Boltzmann constant, and Λ T the thermodiffusion tensor, which is a material dependent property determining the force direction and strength. In the case of spherical particles, Λ T is a constant factor, the socalled thermodiffusion factor, α T ; while other particle shapes might have more complex dependences. This deviation from the spherical constant behavior has been defined as anisotropic thermophoresis [25] . In the case of elongated particles, two independent coefficients are expected to be enough to determine the thermophoretic properties. These are α T, and α T,⊥ , the thermophoretic factors characterizing a rod with the long axis aligned with the temperature gradient, or perpendicular to it.
The difference between these two factors defines the thermophoretic anisotropy factor
Interestingly, this means that an elongated particle with χ T = 0 fixed an angle θ with respect to ∇T will feel a force not only in the gradient direction, but also perpendicular to it [25] 
where x refers to the direction perpendicular to ∇T , and e x the corresponding unit vector. By convention, the sign of the thermodiffusion factor α T is positive when colloids drift toward cold areas, this is for thermophobic behavior; while α T is negative for colloids drifting towards warmer areas, this is thermophilic behavior. Previous simulations [41] showed that the use of attractive solvent-colloid potential translates into a thermophobic colloid drift, while repulsive potentials show a thermophobic behaviour. This driven mechanism of the model is essentially related to the relation between the local pressure gradient and the sign of the applied potential [44] . The direction of the perpendicular force F T,x in Eq. (4) is determined by the sign of χ T which is in principle independent of the thermophobic or thermophilic character of the surface.
In the microchannel configuration of Fig. 1 , the fixed solid pillars endure thermoosmotic flows of the fluid around them. If the obstacles are elongated structures (W = d), tilted with respect to the channel walls and therefore to the temperature gradient (0 • < θ < 90 • ), a net fluid flux will be generated parallel to the channel walls; as can be seen in Fig. 2(a) . The resulting net flux densityĴ can be defined as the particle flux per unit volume,Ĵ
where ρ(x, z) is the average particle number, and v x (x, z) the particle velocity of the fluid at the position (x, z).
Note that the fluid velocity is not fully considered, but just the velocity component parallel to the walls, since this is the only one that contributes to the net flux. The system symmetry allows us to disregard the system dependence along the obstacle length, which in Fig. 1(a) corresponds to the y-direction. In order to provide a prediction to the corresponding averaged density flux, it is important to note that the normalized number density can be considered proportional to ρ 0 , the averaged number density; while the fluid velocity will be determined by the perpendicular thermophoretic force F T,x in Eq. (4), together with an effective friction coefficient proportional to the fluid viscosity η. The averaged density flux will be then determined by,
where a fixed angle inclination has already been accounted for, for example its optimal value θ = π/4, and G(W, D, H) is a function of the microchannel and pillars geometry with inverse of length dimensions. Expression (6) indicates that the intensity of the flux will be determined by several parameters, but the direction will be remarkably only determined by the anisotropic thermophoretic factor χ T .
III. FLOW PATTERN AND FLOW FLUX
A representative simulation output of the temporally averaged flow streamlines of a cross-section in x−z plane with three pillars is illustrated in Fig. 2 . This flow pattern shows two differentiated types of regions, one is the "effective flow" region, distinguished by black streamlines, where fluid passes through the obstacles along the microchannel periodically sinusoidal-likely; the second type of region is the "vortex" region, labeled by green streamlines, where the flow rotates providing vanishing contribution to the total flux.
The resulting net flux densityĴ as defined in Eq. (5) is computed along the channel, and displayed in Fig. 3 (a) normalized by the externally applied temperature gradient. In spite of the stream lines tortuosity, and due to the mass continuity, the flux density is basically constant along the channel (see Fig. 3(a) ). Note that the flow does not depend on the position in the y axis, such that we average the flow field in this direction to increase the statistics accuracy. The flow field at steady state are temporal average over 5 × 10 5 units of time with at least 24 simulation measurements.
Given the system symmetry and the use of PBC along the channel, the fluid flow is not expected to significantly depend of the number of pillars considered, for a fixed interparticle separation D. However, PBC might also lead to fluid correlations, which would be enhanced for smaller system sizes [45] . In Fig. 3 (b) measurements of the flux densities are shown for simulations with different number of obstacles in the primary simulation box, N obs , where the box dimension has been accordingly varied L x = N obs D. The flux densities show to have a relatively constant value, independent on the system size, and furthermore flow patterns around each pillar are identical for different N obs which allows us to investigate systems with just one pillar without diminishing the applicability of the conclusions.
A. Interfacial properties
The thermophilic character of the pillar in Fig. 2 can be observed in the flow close to the obstacle surface, where the flow is clearly directed from warm to cold areas, opposite to the thermophoretic force on the pillar beads, as expected [14] . A similar micropump, with an obstacle constructed out of thermophobic beads is displayed in Fig. 4 , where the flow directed then to the warm areas can be observed in the neighbourhood of the obstacle surface. In spite of this difference, the overall direction of the flux is the same in these two cases, which results in flow streamlines with significantly different pathways in both cases, as can be seen by the flow close to the pillar and the position of the stagnation point relative to the obstacle.
As stated in Eq. (6) the overall direction of the flow parallel to the walls is determined by the anisotropic factor χ T in Eq. (3). This explains that pillars with thermophilic and thermophobic character might still result in flux with the same direction. To further verify this statement we have quantified χ T in some cases by additional simulations with obstacles placed parallel and perpendicular to the channel walls, with a procedure similar to the one described in Ref. [25] . Results and simulation parameters are summarized in Table I , and the variation of the flux normalized by the applied temperature gradient with the corresponding anisotropic thermophoresis factor χ T is displayed in Fig. 5 , where the lineal behavior predicted by Eq. (6) is nicely confirmed. Note that in our simulations the pillars along y−direction are constructed by PBC. Therefore the values of χ T are represented as the measured χ T per unit length along y−axis. 
The investigation of the anisotropic thermophoretic effect in colloidal rods [25] showed a sign change of χ T with the rod rugosity. We also explore the dependence with rugosity in the case of elongated obstacles as depicted in Fig. 1(c) , and the explicit measurements of χ T shown in Table I display similar sign change. The streamlines for microchannels with elongated rough and neutral thermophilic pillars are plotted in Fig. 6 , while the smooth corresponding case can be seen in Fig. 2 . The flux direction, as well as the flow pathways are different in the three cases as a consequence of the different values of χ T . In the investigated case of the rough surface obstacle, the fluid can cross through the interstices created by the large separation between beads, which is not the only reason for the negative value of χ T , since for example in the case of the thermophobic obstacle in Fig. 4 |α T, | < |α T,⊥ |, which might be considered less intuitive. Besides the change in flux direction, the location of the vortexes and the corresponding stagnation points vary also with χ T 2.
1.
0. Fig. 1(b) . Black lines correspond to the net flow, and green lines to the vortexes. Here and in what follows, the background color codes the magnitude of local velocities |v(x, z)| rescaled with a factor of log(|v| − |v| min )/ log(|v| max − |v| min ), where |v| max and |v| min are maximum and minimum of magnitudes of the velocities in each vector field. cases with |α T, | < |α T,⊥ |, these are smooth thermophobic ( Fig. 4 ) or rough thermophilic obstacles ( Fig. 6(a) ); the stagnation points are aligned close to the long pillar axis. Finally, it is interesting to note that there is an intermediate rugosity case, which we call neutral, for which the anisotropic effect vanishes, χ T 0. This is the case shown in Fig. 6(b) where the flow field shows a symmetric pattern with very close to vanishing flux, which resembles the one induced by a fixed isotropic colloid [14] .
B. Channel geometrical properties
Besides the interfacial properties discussed until now, the channel dimensions are naturally going to affect the flow intensity, shape, and exceptionally even its sign, as indicated by the prefactor in Eq. (6) being function of the channel width, pillar interseparation, and obstacle aspect ratio.
a. Channel width effect To study the effect of the channel width on the induced flow, we perform simula- Figure 7 shows the cases with largest and smallest confinements here investigated, which can be compared with the intermediate case in Fig. 2 . The confinement provided by the no-slip channel walls restricts the effective flow domain and adjusts the fluid flow perpendicular to the walls rather than parallel to them. This wall-restriction of the flow explains the linear increase of the flux with channel width shown in Fig. 8(a) . For channels wide enough, the flow close to the walls is weak, close to 10 −2 |v| max , such that confinement does not noticeably affect anymore the flow, and an increase of the channel' width results in a straightforward decrease of the net flux. This explains the maximum observed in Fig. 8(a) for channels with H 7.3W .
Additionally, Fig. 7 shows that the channel width also importantly changes size, shape, and location of the vortex regions, which is a consequence of the previously discussed flow distortion. The vortexes can be quantitatively characterized with the location of the middle points of zero flow velocity, by defining the stagnation angle ϕ and the normalized stagnation distance S d /W . As indicated in Fig. 7(a) , S d is the distance between the two stagnation points S 1 and S 2 around a given pillar, and ϕ is the angle that the line connecting these two points makes with the pillar elongated axis. Fig. 8(a) shows that both these quantities have a maximum at the same point as the normalized flux, and that this occurs when ϕ = 90 • , this is when the vortex middle points are exactly perpendicular with the elongated obstacle. When H is as small as shown in Fig. 7(a) , the vortex region takes up large part of the microchannel due to the significant confinement in the gradient direction, and the distance between complementary stagnation points is very small. The size and position of the vortex changes exactly until ϕ = 90 • , value from which the vortexes only distort due to the lack of confinement. The velocity profiles along the channel direction v x in the cross-sections perpendicular and parallel to the channel walls are shown in Fig. 8(c) and (d) , respectively. Figure 8(c) shows that the velocity profile in between the obstacles is close to parabolic, with a slightly off-center maximum, in which the maximum values of the velocity follows the same dependence as the fluxes in Fig. 8(a) . The velocity profile along the middle axis parallel to the walls, as shown in Fig. 8(d) . The flow field in the most immediate proximity of the pillar could be understood as determined by the intrinsic obstacle properties and only weakly modified by the boundary conditions. The velocity profiles in Fig. 8(d) show a 1/r decay as the distance from the pillar surface increases. This is similar to the flow for a fixed phoretic colloid, and has the same origin. Deviations from this behavior are due to the confinement.
We have analyzed the dependence of the channel width Fig. 7(a) ), for various channel widths, shown as a polynomial fit to the data. r is the distance to the middle of the channel. (d) v x profile in an axis parallel to the walls crossing the middle of the pillar (B − B in Fig. 7(a) ). Now r is the separation to the obstacle center.
for just one parameters set, and fixed interfacial properties; we expect almost identical behaviors for other relevant parameter sets, although the exact location of the optimal channel width, here H/W ≈ 7.3 could eventually vary. b. Inter-obstacle separation effect In the limit of vanishing separation between obstacles, there is no expected net flux generated by the micropump; and in the complementary limit, one single pillar will not be able to create a considerable flux in an arbitrary long channel. To most precisely understand the transition between these limits, simulations at various pillar separations have been carried out. Figure 9 shows that the relevance of the vortex area and the tortuosity of the streamlines decreases with increasing obstacle separation. This can be understood since the flow field in the most immediate proximity of the obstacle has an intensity and direction determined by the surface rod properties, while the flow slightly further away from the rod, just needs to adapt to the given boundary conditions. Small but not vanishing pillar separation show ( Fig. 9(a) , and Fig. 10(a) ) that the direction of the net flow can even be reverted. This occurs when the relative size of the vortex area is larger to the previously called effective area, and it is due to the fact that the direction in both areas has opposite directions. Increasing obstacle separation increases quickly the flux, which becomes eventually vanishing, as shown in Fig. 9(b) , further increasing distances increases the flux, see Fig. 2 , until a maximum value is obtained (D/W ≈ 7, for the parameters here employed), as shown in Fig. 10(a) . Separations larger than this optimal value display a flux decays with increasing separation, but interestingly, this decay occurs very slowly. In this way, for the case with the largest separation where simulation has been here performed (D/W ≈ 18) the total flux is just 50% smaller than that with the optimal separation. This result can be practically advantageous since devices with a smaller number of pillars will typically be easier and therefore cheaper to produce. The location of the vortexes center, which can be in- ferred from ϕ and S d in Fig. 10(b) , changes with increasing obstacle separation until they reach a stable location. This location does not depend anymore on D, and seems therefore to be determined by the value of the channel width. The velocity profiles in the cross-section in between pillars is shown in Fig. 10 (c) for various D values. The profiles are naturally related to their fluxes, such that small separations show flat profiles which can be averagely negative, vanishing or positive, while larger separations show progressively more parabolic-like profiles slightly tilted towards the pillar direction.
The flow parallel to the walls at the center of the channel is shown in Fig. 10(d) , where the flow field in the most immediate proximity of the obstacle shows a bit stronger dependence with D than with H in Fig. 8(d) , but with similar 1/r decay. Note that the velocity profiles for the smallest inter obstacle separation deviate from the 1/r decay scenario since their effective flow patterns are too strongly distorted.
c. The role of the obstacle aspect ratio As already described for the case of rodlike colloids [25] , the anisotropic thermophoretic factor of elongated obstacle is expected to increase linearly with aspect ratio, and therefore the driving force along the channel for the anisotropic thermophoretic pump here investigated. In order to investigate the effect of the aspect ratio, and reasonably decouple it from the other geometrical effects, we perform simulations varying channel width and interpillar separation by keeping fixed ratios, D/W = 2.93 and H = D, and although its effect can be understood with proper normalization, we here vary the wall temperatures to fix ∇T = 0.0105. Figure 11 shows the flow streamlines for the largest aspect ratio here investigated, which can be compared with the streamlines of a smaller aspect ratio in Fig. 2 . Interestingly, the flow patters are very similar, what verifies that the shape of the flow streamlines is determined by the ratios H/D and D/W .
The measured normalized averaged flux in Fig. 12 (a) very nicely shows to linearly increase with W/d. Moreover, this similarity can be inferred also from the constant stagnation angle ϕ as well as the rescaled stagnation distance S d /W for different aspect ratios in Fig. 12(b) . The flow velocity profiles v x (z) perpendicular to the walls normalized by W/d show to collapse with a small deviation at the smallest aspect ratio, Fig. 12(c) . This linear behavior implies that even with small aspect ratio, we still obtain the same features of the study on the flow patterns and the averaged flux J.
IV. ALTERNATIVE SETUPS
The simulations presented in this work have so far considered only straight microchannels with fixed obstacles placed equidistant from the walls. These are though no restrictions for building functional microfluidic devices based on the anisotropic thermophoretic effect. In case that the pillars are not placed equidistant from the walls, the fluid will stream with a non-symmetric pattern, but in general the net fluid flux will remain. In the limiting situation in which the obstacles are in contact with one of the walls, the system will be similar in spirit to the phoretic ratcheted microchannels [9, 10] , where a net flux with a shear-like velocity profile is generated. The channels do not need to be straight either, and corners or curved geometries, as those shown in Fig. 13 , will not hinder the fluid motion when the pillars are kept at the pertinent titled orientation with respect to the walls. This is particularly important for microfluidic applications of this phenomena, since it shows that implementation in arbitrary geometries is possible.
Other interesting applications of the anisotropic phoretic effect in microfluidics are fluid mixers and generators of alternating flow. Fluid mixers can be obtained by building microchannels with elongated pillars fixed in the middle of the channel with a fixed angle, but with alternating positive and negative orientation, which would be adopting a type of "w" or symmetric saw disposition. In this case a type of Rayleigh-Bernard counterrotating vortexes will be induced with sizes determined by the obstacles positions and, rotating velocities given by the temperature gradients and the thermophoretic pillar properties. When two fluids converge into the phoretic micropump with anisotropic obstacles, the mixing will be highly enhanced due the intricate shape of the fluid flow, see for example Fig. 6 (b) or Fig. 9(b) . For mixing fluids [4, [46] [47] [48] , the pillars can, but do not need to be elongated, and no particular orientation would be necessary.
No Flow No Flow
Flow Flow The last structure that we discuss here is the generators of alternating flow, which emulates in some sense the alternating current of electromagnetic devices. The idea is to change the orientation of the pillars with time according to a prescribed protocol. This could be realized if movable obstacles could be engineered, or more realistically, by employing suspended elongated particles with fixed centers of mass, and orientations externally controlled by the use of for example laser tweezers, or rotating magnetic fields. It is straightforward to predict that if the obstacle orientation changes periodically with respect to the channel walls, the net flux will change as indicated in Fig. 13 , from being significant in one direction, then cancelling, then significant in the opposite direction and then vanishing again. An example of systems that could be employed for this purpose are magnetizable particles in a non-magnetic fluid, which in the presence of an external rotating magnetic field will rotate with a constant frequency [49] . Although no simulation results are presented for the structures discussed in this section, the extensive results presented in the previous section serve as a strong proof-of-concept. This effect can be used not only as as a flow alternator, but for example also as flow switch.
V. CONCLUSIONS
We have proposed a strategy to design microfluidic devices based on anisotropic phoresis, this is the asymmetric response of elongated objects to externally applied gradients, depending on their relative orientation. Although most of the discussion has been performed for the case of external temperature gradients, the devices would display similar behavior in the presence of other gradients, such as concentration as would be the case if one of the confining walls would have a catalytic character. This means that our results reasonably can be straightforwardly generalized to the cases of diffusiophoresis or electrophoresis. Furthermore, the current micropump needs only the presence of the walls and a simple fluid, but it will also be effective in the presence of a multicomponent fluid in a single phase or in a multiphase situation, where the pillars could interact with interfaces. Therefore, the experimental realization of this micropump is promising and can be attempted with different mechanisms and materials.
The magnitude of the flow is determined by the phoretic properties of the surfaces and also by the channel geometric properties. We have shown that this new design can facilitate the tunability of flow velocity and pattern by solely altering the orientation, aspect ratio, rugosity, or phoretic affinity (thermophobic, or thermophilic) of the obstacles inside the same microchannel. The flux naturally increases with the obstacle aspect ratio, and it is directly proportional to the pillar anisotropic factor. This means that the flux direction is not dictated by the thermophilic or thermophobic character of the surface, but by the anisotropic thermophoretic factor which also depends for example on the surface rugosity. This might be counter-intuitive, but it also provides to the devices with an additional degree of versatility. The necessary temperature gradient can be obtained by microscale optical means, which could certainly find applications in optofluidics [17] . Interestingly, the current device uses anisotropic pillars at the mid-channel, with an orientation which could eventually be manipulated by for instance optical tweezers, this might inspire a new avenue of microfluidic fabrication, such as fluidic switches, mixers, or flow alternators. Alternatively, the micropump can also work in the presence of a externally surrounding temperature gradient, as would be the case of a microchannel in contact with two reservoirs at different temperatures. In this case, these devices could serve to engineer devices that would allow the harvesting of waste heat.
